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ABSTRACT
In order to minimize the large fan power demand from low temperature lift heat pump systems, a radiative heat
exchanger is proposed as an indoor heat exchanger design in such systems. The radiative heat exchanger utilizes
both natural convection and radiation so that it is capable of reducing fan power consumption while simultaneously
providing an improved thermal comfort. A software tool has been developed to simulate the operative temperature
field created by a radiative heat exchanger installed in a typical office setting (3m by 3m by 3m dimension). The tool
includes the modeling of mean radiant temperature using an eight-surface (six walls, a window and a sunlit area on
the floor) assumption, as well as the modeling of air temperature using proper orthogonal decomposition method.
The proper orthogonal decomposition method was shown to be more computationally cost-effective than the
conventional CFD simulation. Finally, the operative temperature simulation results were validated with the
experimental data, showing the average discrepancy of 0.4 K in four measurement locations.

1. INTRODUCTION
In a vapor compression system, as the temperature difference between heat absorption and heat rejection processes
decreases, the coefficient of performance (COP) of the system generally increases. It is caused by the fact that the
reduced temperature difference helps decreasing the pressure lift of the compressor and furthermore decreasing the
power input to the compressor. To reduce the temperature lift, one can increase the evaporating temperature or
decrease the condensing temperature or both. However, the increase in the evaporating temperature has to reach a
limitation above which no dehumidification occurs in the system. Further research manages to remove the limitation
by applying the separate sensible and latent cooling technology (SSLC) (Ling et al., 2010). Despite the encouraging
energy savings reported in the literature, the design of the indoor heat exchanger (HX) in the SSLC system remains
a challenge. As the refrigerant evaporating temperature increases, the supply air temperature usually increases for a
given HX. Consequently, the air mass flow rate has to increase to maintain the system capacity. The increased air
flow rate leads to an increased fan power consumption and may offset the power savings by the compressor. In short,
how to design an indoor HX that minimizes the fan power demand is the challenge. There are various HX designs
which address such a challenge, and among those, chilled ceiling panels and heated floor systems are under most
discussions. For both products, the heat transfer mechanism between the working fluid and indoor air is natural
convection and radiation, and therefore, the fan power demand is almost zero. Moreover, the enlarged heat transfer
area of those products provides radiant cooling or heating to the occupants so that both products may provide better
thermal comfort than conventional indoor HXs. However, the installation of the two systems requires an overhaul of
the existing ceiling and floor and hence cannot be done without a significant impact to residents (see Figure 1). For
the purpose of designing a similar product with easy installation, a novel radiative HX is introduced. The radiative
HX has a similar structure to the chilled ceiling panels, which include serpentine-shaped tubes fixed on metal sheets.
The tubes filled with working fluid such as water serve as heating/cooling source and conduct heat to the metal
sheets. The metal sheets condition the space air through both natural convection and radiation. An attractive feature
of the radiative HXs is that instead of installing them over the ceiling or under the floor, the HX can be simply
installed against walls (see Figure 2). Such installation method has a two-fold benefit: easy installation and
capability of providing both heating and cooling. This paper discusses the modeling of the radiative HXs so that it
can be used as a tool to evaluate the thermal comfort in a zone equipped with such HXs.
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Figure 1: Picture of piping for heated floor system during installation (Olesen, 2011)

Figure 2: Picture of the radiative HX installed in an office setting

2. RADIATIVE HX THERMAL COMFORT MODELING
The objective of the simulation tool development is to evaluate the thermal comfort condition of the entire space
conditioned by the radiative HX. In the modeling, the radiative HX is assumed to control the temperature of the
entire wall being installed. The modeling includes two major efforts: the simulation of operative temperature (OT)
field and the evaluation of ASHRAE’s thermal comfort criteria. According to the ASHRAE standard 55 (2004), OT
is a combination of mean radiant temperature (MRT) and air temperature. In the case of applying the radiative HX,
OT calculation can be simplified as the arithmetic mean of MRT and air temperature (Equation 1). In the same
standard, two important indices are defined to quantify the thermal comfort criteria: Predicted Mean Vote (PMV)
and Predicted Percentage Dissatisfied (PPD). The following subsections provide detailed discussions of the two
aforementioned modeling efforts.
/
for high air velocity
/2
for low air velocity
(1)

2.1 OT Modeling
As mentioned before, OT is the combination of MRT and air temperature. Figure 3 describes the radiation model
adopted in the study. The room is assumed to be a rectangular shape with four walls (front wall is not shown), a
ceiling and a floor. One wall is assumed to have the radiative HX (left wall in the Figure 3). It is assumed that the
HX covers the entire wall and maintained a constant temperature. It should be noted that the later experiment
demonstrated a 2K temperature difference between inlet and outlet water flow (Koepke, 2011), therefore the
assumption of a constant temperature profile is a simplified one compared to the real case. Other walls may have
different temperatures, and so may the ceiling and the floor. Window usually has different temperature compared to
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the wall where it is located, which is mainly due to the solar radiation. Equation 2 (Arora, 2000) is then applied to
calculate the window temperature. It should be noted that the solar incidence in the equation varies with solar angles
and window orientation. Therefore, local solar angles such as solar azimuth angle, solar altitude angle should be
identified beforehand. As all surface temperatures (wall temperatures, ceiling and floor temperatures, window
temperature etc.) are obtained, the MRT can be evaluated by the summation of the view factors between the
occupant and individual surface multiplied by the surface temperature. For simplification, the occupant in the room
is simplified to be a sphere. Dunkle (1963) defined the equivalent sphere radius of both a standing person and a
sitting person. However, since the sphere’s radius is infinitesimal compared with the room dimension, the sphere
was further simplified to be a dot. Since occupants can move inside the space, the evaluation of their thermal
comfort requires calculation of MRT everywhere inside the space, which means that an MRT field has to be
obtained.
0

0

(2)

Figure 3: Adapted model for radiant temperature field
The other component of OT calculation is the air temperature simulation. The technique of computational fluid
dynamic (CFD) is utilized for air temperature field simulation inside the space. A commercially-available CFD
(ANSYS, 2006) package was chosen for the modeling. As an example to facilitate initial research, 2D square was
assumed to represent the vertical middle inter-section plane of the space. It has one cold side (left side) of 20°C
which can be assumed as a case of the radiative HX filled with cold water to provide cooling, and one hot side (right
side) of 35°C which can be assumed as a case of hot window by direct solar radiation. The square has a mesh of 240
by 240 quad cells with enhanced mesh density in the boundary layer to capture the complicated flow characteristics.
To be specific, the boundary layer has the first row of 1 mm and the growth of 1.15, i.e., the entire depth of the
boundary layer is 20 mm. The turbulence model used in the model is k-ω SST model. The velocity (streamline) and
temperature field are demonstrated in Figure 4.

Figure 4: The streamline (velocity, left) and air temperature (right) fields in the studied place
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Although the example proves that the CFD simulation can be applied to simulate the air temperature field, the
computation cost is high. It would be better to develop a reduced-order modeling method allowing a good
compromise between the accuracy and the computation cost. The proper orthogonal decomposition (POD) was
chosen as the reduced-order model to replace the above CFD simulation. The POD method was first introduced by
John Lumley (Berkooz et al., 1993). In other disciplines the same method was called as Karhunen-Loève
decomposition or principal components analysis. It has several advantages as pointed out by Berkooz et al. (1993):
(1) It is statistically based-extracting data from experiments and simulations. (2) Its analytical foundations supply a
clear understanding of its capabilities and limitations. (3) It permits the extraction of the results. The flow chart of
the POD method is shown in Figure 5. In short, the method seeks to decompose a large degree of freedom system
into a series of expansion as shown in Equation (3).
,

∑

(3)

Figure 5: Flow chart of POD method
After skipping the detailed extreme computing, it turns out that the basis functions (φ) are the Eigen functions of the
integral equation (Ly and Hein, 2001):
′
, ′
′
(4)
where the kernel C is given by:
∑
,
′
(5)
For the current problem, in order to obtain the POD modes for the air temperature field, a technique called “snapshot”
was applied to form the matrix C by utilizing the existing CFD simulation results. Nine sets of temperature fields
and velocity fields were chosen to form the snapshot. The difference among each snapshot is the different Rayleigh
numbers. The CFD software package is used to calculate the eigenvalues of the kernel matrix C. The built-in
singular value decomposition (SVD) function was applied to return the eigenvalues and the corresponding
eigenvectors. If the eigenvalue is zero meaning that it poses no impact on the system anymore, therefore its
corresponding eigenvector is neglected. The proper orthogonal decomposition provides the basis of the expansion
series. The next step is to find the coefficients in the expansion (Equation 3). A method called Galerkin projection is
considered to be a standard approach to obtain the coefficients. The method projects the governing equations on the
modal subspace and then solves the governing equations, usually in the form of ODE equations to obtain the
coefficients.
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2.2 PMV and PPD Field Simulation
The previous subsection discusses the simulation of both MRT and air temperature. By simply averaging those two,
one can obtain the OT field. However, it is not straightforward to use OT to describe the thermal comfort. Therefore,
the PMV and PPD fields are then simulated by the software tool. The PMV is a seven-scale system to describe
occupant’s thermal sensation from very hot (+3) to very cold (-3). The PPD is its derivative to statistically show how
much percentage of occupants feel uncomfortable at different PMV scale. Table 1 and Figure 6 describe the PMV
and PPD, respectively, in more detail. To calculate the PMV, Equation 6 is used. Although including many
parameters, most of which in the equation can be obtained from the ISO standard 7730 (2005). The air temperature
and MRT can be calculated by methods summarized in the previous section. The PPD can be calculated based on
the Equation 7. Figures 7 and 8 show sample outputs of PMV and PPD from the tool, respectively. As shown, both
left and right side are affected by the hot wall and hot window as well as larger vertical air velocity than that in the
middle, so the PMV indices near the walls are between slightly warm and warm. Due to the density difference of air,
the cold air remains at the bottom and the hot air remains at the top of the space. Consequently the PMV field shows
negative numbers at the bottom and positive numbers at the top of the space. Although there are differences in PMV
values inside the space, most of which are between -1 and +1 meaning thermal comfort to the occupants. This is
supported by the PPD output, which shows that only 5% thermal discomfort rate is predicted for most of the space.

273

0.303 ∙
58.15
273

.

∙

1.7
∙

0.028 ∙
10 ∙ ∙ 5867
∙

100
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∙
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Table 1: PMV scale (ISO 7730, 2005)
PMV scale
+3
+2
+1
0
-1
-2
-3

∙

Thermal sensation
hot
warm
slightly warm
neutral
slightly cool
cool
cold

Figure 6: PPD as a function of PMV (ISO 7730, 2005)
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Figure 7: Snapshots of sample PMV output

Figure 8: Snapshots of sample PPD output

3. SOFTWARE VALIDATION
The lack of PMV/PPD sensors limits the validation of the tool to the OT temperature only. In order to verify the
correctness of the POD simulations, two cases of POD calculation results were compared to those from CFD
simulation. Case 1 is solving for air temperature inside a 3 m by 3 m square enclosure with the Rayleigh number of
106. Case 2 is solving for the same problem with the Rayleigh number of 109. Figure 9 demonstrates the comparison
results. The 3 m by 3 m enclosure is divided into 225 cells. The x-axis represents the 225 cells. For example, the top
left cell is number 1, the rightmost cell of the top row is number 15, and the right bottom cell is number 225. The
temperature results in each cell were compared to those from the CFD simulation. Both POD cases show good
International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012
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agreement to the CFD simulations. In Case 1, the maximum deviation is only 0.04K, while in Case 2, the maximum
deviation is around 0.1K. It demonstrates that the POD calculation provides enough accuracy compared with CFD
calculation. Considering the fact that it takes only several minutes for the POD codes to solve all the ODE functions
and to output the results, the benefit of using POD is very clear. However, the fast speed depends on the existence of
snapshots. The first preparation of snapshots may take a week, and then the POD calculation can solve any problem
within the range of snapshots.

Figure 9: Difference in air temperature from POD and CFD simulation (left Ra = 106, right Ra=109)
The simulated OT field was then compared to experimental data. Figure 10 shows the comparison results. The OTmeasuring facility was located in the center of the room with four OT sensors installed at different heights. The
average deviation between the two results is only 0.4K. It demonstrates that the reduced-order model and the
radiation model together provide a good prediction of the OT field inside the cubic office room setting.

Figure 10: Comparison of OT from experiment and simulation

4. CONCLUSIONS
In order to reduce the fan power consumption, the radiative heat exchanger was proposed to be a new indoor heat
exchanger design for low temperature lift heat pump systems. The current study focuses on the development of a
radiative HX modeling tool. The operative temperature and velocity field in an office setting equipped with radiative
heat exchanger was simulated. The model was able to calculate the operative temperature, air velocity, PMV and
PPD indices everywhere in the office. The CFD simulation which was used to calculate the air temperature and air
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velocity was later replaced by a reduced-order method called POD. Using POD, the computation cost was greatly
reduced while still maintaining enough accuracy compared to CFD. The simulated operative temperature field of the
office setting was compared to experimental data. The average deviation between modeling results and experimental
data was 0.4K thus proving the efficacy of the model. Since the POD method takes Rayleigh number as an input, the
snapshots can be re-used for analyzing other cases of different temperature differences and dimensions with the
similar Rayleigh number.

NOMENCLATURE
a
A
fcl
h
I
M
Pa
t
v
W
α
φ

POD coefficient
Area
Clothing factor
Heat transfer coefficient
Solar incidence
metabolic rate
Water vapor partial pressure
air temperature
Velocity or temperature
work output
Absorptivity
POD basis

(-)
m2
(-)
W/K
W
W
Pa
°C
m/s or °C
W
(-)
(-)

a
c
cl
d
D
g
i
o
r

Subscripts
air
convective
clothing
diffusive
direct
glass
inside
operative/outside
radiative
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